The universal criterion for ultrafast vortex-core switching between the up-and down-core bistates in soft magnetic nanodots is investigated by micromagnetic simulations along with vortex-core switching that occurs whenever the velocity of vortex-core motion reaches its critical velocity, cri ¼ ð1:66 AE 0:18Þ ffiffiffiffiffiffiffi A ex p (e.g., cri ¼ 330 AE 37 m=s for Permalloy), with the exchange stiffness A ex and the gyromagnetic ratio . On the basis of the universality of cri , phase diagrams for the vortex-core switching event and switching time with respect to both the amplitude and frequency of a circularly rotating magnetic field are calculated. DOI: 10.1103/PhysRevLett.101.267206 PACS numbers: 75.40.Gb, 75.40.Mg, 75.60.Jk, 75.75.+a In magnetic thin films [1, 2] and patterned elements of micrometer (or smaller) lateral size [3], a nonuniform magnetization (M) configuration has been experimentally observed in both static and dynamic states. This magnetic nanostructure, the so-called ''magnetic vortex (MV),'' has an in-plane curling M along with an out-of-plane M at the core of a few tens of nm size [3] . Owing to a high thermal stability of the bistate M orientations of the tiny vortex core (VC), the MV has received considerable attention as the information carrier of binary digits ''0'' and ''1'' in future nonvolatile memory devices [4] . Furthermore, very recently experimental, theoretical, and simulation studies have explored a rich variety of the dynamic properties of the MV, including ultrafast VC switching by linearly oscillating [5] [6] [7] and circularly rotating [8] [9] [10] inplane magnetic fields or spin-polarized ac currents [11, 12] , with extremely low-power consumption. The underlying mechanism and physical origin of ultrafast VC switching have also been found [5] [6] [7] 13] . These rich dynamic properties stimulate continuing intensive studies of patterned magnetic elements in vortex states targeting towards a fundamental understanding of their dynamics [6, 7, 11, 13, 14] and practical applications to a new class of nonvolatile random access memory [15] and patterned memory media [4, 9] . Such new conceptual devices have become emerging key issues in the research areas of nanomagnetism and M dynamics. Although the fundamental understanding of the VC reversal and vortex gyrotropic dynamics were much advanced recently, the universal criterion for VC switching, its phase diagram, and switching time have not been investigated yet. Moreover, these are technologically essential parameters for a reliable manipulation of the VC switching acting as a basic function in memory devices, which should be identified for its practical applications.
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In this Letter, we report on the universal criterion, the critical velocity cri of VC motions required for VC switching, as found by micromagnetic simulations and analytical calculations. On the basis of the universality of cri we derive phase diagrams of the VC reversal event and switching times with respect to the amplitude and frequency of circularly rotating magnetic fields.
In the present study, the OOMMF code [16] was used that utilizes the Landau-Lifshitz-Gilbert equation of motion [17] because this approach is a well established, optimized tool to investigate M dynamics on a few nm spatial and 10 ps temporal scales. In addition, we used an analytical approach to determine the threshold of driving forces required for VC switching and the necessary switching times based on the linearized Thiele's equation [18] . We used Permalloy (Py: Ni 80 Fe 20 ) nanodots as a model system, and the Gilbert damping parameter ¼ 0:01, each dot with a different radius R ranging from 150 to 600 nm and a different thickness L ranging from 10 to 50 nm [see Fig. 1(a) ].
To excite vortex gyrotropic motions up to the VC switching, we used specially designed counter-clockwise (CCW) circularly rotating magnetic fields in the dot plane with the angular frequency ! H and the amplitude H 0 , denoted as H CCW ¼ H 0 ½cosð! H tÞx þ sinð! H tÞŷ [19, 20] . The reason for selecting this H CCW is that it is most effective for selective resonant excitations of only the core-up vortex state, as demonstrated in earlier theoretical and simulation works [9, 20] , and in recent experimental work [10] . An example of the resonant vortex gyrotropic motion and VC switching driven by H CCW with H 0 ¼ 20 Oe and H ¼ ! H =2 ¼ D ¼ 580 MHz (where D is the vortex eigenfrequency) [21, 22] is shown in supplementary Fig. 1 in [23] . It is numerically found that the up- [23] , and in our earlier works [9, 12, 13] .
To examine the universality of All the simulation results confirm an explicit analytical form of cri ' ffiffiffiffiffiffiffi A ex p with the proportional constant ¼ 1:66 AE 0:18. To check the universality of this constant for different magnetic materials, we also simulated the VC switching with Ni, Fe, and Co, as shown in the inset of Fig. 1(b) [25] . All values for the different materials are close to 1.66 and thus identical within the estimated errors. The ¼ 1:66 acts as a universal constant that relates cri , and only A ex and . It is also interesting that cri ' 1:66 ffiffiffiffiffiffiffi A ex p does not explicitly include M s . This fact can be understood from the physical origin of the VC switching, the gyrofield, as reported previously [13] . The dominant contribution to the critical gyrofield is the short-range exchange interaction. Therefore, A ex is the dominant parameter in determining the critical gyrofield and in turn cri . Following the same argument, the long-range dipolar interaction gives a negligible contribution to cri , so that the dimensions and shape of a given dot, as well as M s do not affect the value of cri , as manifested itself in the equation, cri ' 1:66 ffiffiffiffiffiffiffi A ex p . On the basis of the universality of cri , we construct phase diagrams of the VC switching criterion and switching times with respect to ! H and H 0 . 
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267206-2 driven by extremely small H 0 values [5, 9, 10] . Resonant VC motions yield a deep valley on the switching boundary in the vicinity of ! H ¼ ! D , and, thus, the threshold value of H 0 required for the VC switching has a minimum at
In addition, we theoretically derived explicit analytical equations representing the switching boundary, which distinguishes the event of the VC switching and nonswitching based on the linearized Thiele's equation. A detailed derivation is described in Ref. [23] . Here we chose H CCW necessary for the resonant gyrotropic motion of the up-core and successive core switching to the down core [9, 10, 20] . From the general solution of the equation of VC motion in the linear regime, the instantaneous velocity of the up-core motion as a function of time t driven by H CCW is found as ðtÞ ¼ Next, we construct a phase diagram of the switching time T S , i.e., the time period necessary for the VC switching to complete itself. As already reported in Ref. [7] , the VC switching occurs through the serial processes of the nucleation and annihilation of a vortex-antivortex (V-AV) pair around the initial VC position, following the maximum deformation of the entire VC M structure [7, 13] . This process follows just after ðtÞ reaches cri through the gyrotropic motion [12] . Accordingly, T S consists of three different duration times,
The individual times can thus be determined by the three different processes: Át g , the time period required for a VC to reach cri ; Át d , the time period after that, and until a V-AV pair is nucleated; and Át V-AV , the time period during which the serial processes of the nucleation and annihilation of the V-AV pair occur until the VC switching is completed. To estimate each value of Át g , Át d , Át V-AV , the above indicated successive processes are differentiated according to the definition of each process, as shown in micromagnetic simulations for a Py dot of R ¼ 150 nm and L ¼ 20 nm (for details, see Ref. [23] ). Then, each value of Át g , Át d , Át V-AV , and T S are plotted as a function of H 0 in Fig. 3(a) . For H 0 < 0:4 kOe, Át g is on the order of a few ns and becomes increased with decreasing H 0 . Note that Át g is much longer than both Át d ( $ 50 ps) and Át V-AV ( $ 30 ps). For H 0 > 0:5 kOe, however, Át g reaches a few ps, being much less than Át d and Át V-AV , according to the simulation results. However, the Landau-LifshitzGilbert equation of motion used in the simulations is invalid below 1 ps time scale, so that all the results below 1 ps (10 ps as an upper bound) are physically meaningless. Consequently, there is no doubt that for H 0 < 0:4 kOe, T S can be approximately determined by Át g , whereas for H 0 > 0:5 kOe, T S is determined by the sum of Át d and Át V-AV , i.e., at least $80 ps, only in the range of physically meaningful switching time. From an application point of view, such high field strengths are not necessary for the VC switching when applying the resonance frequency. In other words, in the range of H 0 < 0:4 kOe, Át g is sufficient to represent T S . Át g can also be calculated simply using the analytical equation of ðtÞ along with the 267206-3 condition ðtÞ ¼ cri at t ¼ Át g and taking into account the nonlinear effects that can be also compensated by the scaling factor S F . For ¼ 1 and
=H 0 Þ, and this numerical solution is compared with the simulation result in Fig. 3(a) .
For Þ 1, Át g can also be numerically calculated, as shown in Fig. 3(b Fig. 3(b) , would be technologically useful in the optimization of driving force parameters that reliably control the ultrafast VC switching.
In conclusion, cri ¼ 1:66 ffiffiffiffiffiffiffi A ex p has been found to serve as the universal criterion for VC switching, e.g., Py cri ¼ 330 AE 37 m=s. Based on this criterion, we derived phase diagrams of the VC switching and the switching time with respect to the frequency and amplitude of the circularly rotating field, which provide guidance for practical implementations of a dot array in the vortex states to information storage devices. These phase diagrams are also useful in the design of the dot dimensions and proper choice of materials as well as to optimize external driving forces for the reliable ultrafast VC switching at extremely low-power consumption.
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